Background and aims Due to global warming, it is to be expected that mangroves will move north-and southwards and enter salt marshes, which will then be enriched with mangrove-derived organic compounds. Little is known about the effects that tannins, which are abundantly present in leaf litter of Rhizophora mangle, will have on the biogeochemical cycles in salt marsh soils. Methods In microcosms, soil from a Distichlis spicata salt marsh was enriched with R. mangle-derived leaf powder (LP), crude condensed tannins (CCT) and purified condensed tannins (PCT), or with commercially available tannic acid (TA). Each treatment received a fixed amount of tannins, i.e. 10 mg /g dry soil. Due to the enrichment with tannins in each fraction, the amount of carbon added increased from C < TA = PCT < CCT < LP. At Day 7, 21, 35 and 42 of the incubation period, CO 2 emission rates were determined after closing the microcosms for 24 h. Net nitrogen and phosphorous mineralization rates were also determined for the entire incubation period. Experiments were done at Practical Salinity Units of 20, 28 and 35 to cover the range in salinities observed in the field (20 and 35 PSU). Results For the whole incubation period, the CO 2 emission increased significantly (p < 0.05) in the order of C < PCT < CCT = TA < LP microcosms. The microcosms with LP showed immobilization of mineral nitrogen and phosphorus, while the other microcosms revealed net nitrogen and phosphorus mineralization in the order of CCT < TA < PCT < C for N mineralization, and CCT = TA < C < PCT for P mineralization. The C and N mineralization rates measured at a salinity of 20 PSU were significantly larger than at 28 and 35 PSU. Conclusion The results showed that mangrove leaf litter stimulated net C mineralization and N and P immobilization. Purified condensed tannins of senescing R. mangle leaves enhanced C and P, and suppressed net N mineralization.
Introduction
Mangrove forests have been identified as highly productive ecosystems and the most carbon-rich forests on an aerial base in the tropics (Donato et al. 2011) , occupying only 0.5% of the global coastal area but contributing to 10-15% of the coastal sediment carbon storage (Alongi 2014) . Leaves represent one of the most important components of net primary production in mangrove ecosystems (Alongi et al. 2005) , thereby providing abundant carbon, nitrogen and phosphorus sources to these coastal ecosystems (Alongi 2012 (Alongi , 2014 Bouillon et al. 2008; Dittmar et al. 2006; Hernes et al. 2001; Kristensen et al. 2008) .
Due to global warming, R. mangle is expected to migrate into intertidal wetlands that are currently dominated by herbaceous species (Bianchi et al. 2013; Comeaux et al. 2012; Gabler et al. 2017; Saintilan et al. 2009; Saintilan et al. 2014) ; thereby potentially altering nutrient cycling patterns. Tannins are abundantly present in vascular plant tissues (Hernes et al. 2001) , including species of the Rhizophoraceae, which contain especially large amounts of tannins (Basak et al. 1999; Hernes et al. 2001; Hernes and Hedges 2004) . The percentage of extractable condensed tannins amounted to 21.9% of the dry weight of R. mangle leaves , and tannins plus other phenolic compounds accounted for 18% of the dissolved organic matter in R. mangle leachate (Benner et al. 1990 ). In contrast to mangroves, herbaceous intertidal wetland species such as Distichlis spicata, which is a widespread species in intertidal wetlands in North America (Hauser 2006) , contains 0.3 and 0.1% of total free phenolics and tannins, respectively, of the dry weight (Shajeela et al. 2011) . Since the production of total phenolics and tannins by salt marsh grasses such as D. spicata, is low compared to R. mangle, the expansion of this mangrove species into salt marshes dominated by D. spicata should result in an increase in the levels of total phenolics and tannins in the soil. We hypothesized that the migration of R. mangle into intertidal salt marshes in response to climate change will affect the cycles of carbon, nitrogen and phosphorus due to the enrichment of the soil with tannins, which have widely been considered as regulators of nutrient cycles (Hattenschwiler and Vitousek 2000; Hernes et al. 2001; Kraus et al. 2003) .
Several underlying mechanisms for the impacts that tannins have on nutrient cycling have been proposed (Kraus et al. 2003; Kraus et al. 2004; Nierop et al. 2006b; Verkaik et al. 2006) . For example, tannins can reduce the activity and growth of soil microbes, can inhibit the activity of microbial exo-enzymes, and can form complexes with protein-containing organic matter making it more resistant to decomposition (Bradley et al. 2000; Fierer et al. 2001; Kraus et al. 2004; Schimel et al. 1996) . However, low concentrations of tannins might also increase the coiled structures of the enzymes boosting their catalytic activity (Adamczyk et al. 2017) . Phosphorus assimilation by microorganisms can be restricted by tannins due to competition for binding sites such as aluminum, iron and their oxides (Northup et al. 1998) . Hydrolyzable tannins (HTs) are made of sugar cores, to which gallic or hexahydroxydiphenic acids are ester-linked. Compared to condensed tannins (CTs), HTs can serve as immediate C sources thereby immobilizing N and P (Nierop et al. 2006a ). The commercially available tannic acid, a type of HT composed of a glucose unit to which gallic acid is bound, has often been selected as an appropriate standard for the purpose of quantification of nutrient dynamics in soils (Kraus et al. 2003; Kraus et al. 2004; Nierop et al. 2006a; Nierop et al. 2006b ). The CTs are composed of mixtures of polymers of flavan-3-ol units with different degrees of polymerization and mostly hydroxyl substitutions, including dihydroxylated procyanidin (PC) and trihydroxylated prodelphinidin (PD) monomers (Maie et al. 2003) . In nearly senescent, yellow-colored leaves of R. mangle the ratio of PC and PD monomers amounted to 9:1 (Maie et al. 2003) . PC monomers are generally more stable than PD monomers (Hernes et al. 2001) .
To test the hypothesis that the migration of R. mangle with a high content of condensed tannins and PC monomers in its senescing leaves will affect the cycles of carbon, nitrogen and phosphorus in D. spicata dominated salt marsh soils, we mixed the soil of a D. spicata salt marsh in microcosms with tannins originating from senescing leaves from R. mangle and measured the emission of CO 2 and the mineralization of nitrogen and phosphorus. (Laanbroek et al. 2018) .
Materials and methods

Collection of senescing
Soil samples used in this study were collected as part of the experiment described in (Laanbroek et al. 2018) and have the following characteristics. The fresh soil has a mean pH KCl of 7.5, a moisture content of 87% (w/w) and a salinity of 20 PSU (Laanbroek et al. 2018) . Total carbon, total nitrogen and total phosphorus content of the soil was 30.45 mg C, 2.13 mg N g −1 and 0.24 mg P A subset of the soil samples used in the study of (Laanbroek et al. 2018 ) were stored at 4°C prior to use in this experiment. The leaves of R. mangle used in this experiment were senescing (i.e., they had started to turn yellow) and were hand-picked from the trees and air-dried. Some of the air-dried leaves were used for extraction and purification of condensed tannins (description below) and others were ground, sieved through a 0.26 mm mesh screen and mixed with soil before the start of the incubation experiment described below.
Extraction and purification of condensed tannins
After cleaning the air-dried leaves with distilled water, condensed tannins (CT) were extracted and purified using published methods (Lin et al. 2006; Zhou et al. 2012) . The ground, dried leaves were extracted with acetone-water (70: 30), the extract was filtered through a Buchner funnel with a vacuum pump and concentrated by vacuum-rotary evaporation. A solution of crude condensed tannins (CCT) was obtained after extracting the residue with n-hexane three times. The CCT solution was freeze-dried and stored at −20°C for further purification of condensed tannins and for use in the soil microcosms.
Part of the freeze-dried CCT extract was dissolved in a solution of 50% methanol-water (V CCT /V solution , 1:1) and loaded on a Sephadex LH-20 column, eluted with approximately 2 L of the 50% methanol-water solution to remove low molecular weight phenolics and flavonoid compounds, and then eluted with 200 mL of an acetone-water (70: 30) solution to remove the bonded tannin fraction from the column. Finally, purified condensed tannins (PCT) were obtained by vacuum-rotary evaporation and freeze-drying. The PCT fraction was stored at −20°C for use in the soil microcosms.
Nutrient characteristics of leaf powder and condensed tannins fraction
The weight percentage of PCT in the CCT fraction and in the dried R. mangle leaves was 30.4 and 13.40%, respectively. The carbon content of the different tannin fractions was determined with an EA/110 elemental CN analyzer (InterScience BV, Breda, The Netherlands), while the nitrogen and phosphorus contents of these fraction were measured with a Skalar SA-40 auto analyzer (InterScience BV, Breda, The Netherlands). The carbon, nitrogen and phosphorus contents of the leaf powder (LP) amounted to 422.09, 4.54 and 0.24 mg g −1 dry material, respectively. The C, N and P contents of the CCT were 439.37, 2.82 and 0.12 mg g −1 dry material, respectively, and the C, N and P contents of the PCT were 543.52, 0.65 and 0.07 mg g −1 dry material, respectively.
Soil microcosm incubation experiment
The soil microcosms consisted of fresh soil samples at the equivalent of 5 g dry soil contained in 500 ml screwcap bottles that can be closed with a silicon rubber inlay. Since condensed tannins are not produced in isolation by R. mangle, but in a mixture with other carbon compounds, we decided to study the effects of R. manglederived tannins in a series of carbon sources from R. mangle leaves with increasing purity of tannins, i.e. powder-milled leaves, crude CTs and purified CTs. In addition to these R. mangle-derived carbon sources, we tested also the effects the commercially available tannic acid. At the start of the incubation period, the soil samples were enriched with the different sources of tannins: leaf powder from R. mangle (LP), crude condensed tannins from R. mangle leaves (CCT), purified condensed tannins from R. mangle leaves (PCT), and commercial tannic acid (TA) (Sigma-Aldrich Co, St. Louis, MO, USA, Molecular Weight 1701.20, C 76 H 52 O 46 ) representing hydrolyzable tannins (Nierop et al. 2006b ). One part of the soil microcosms that served as control (C) did not receive tannins.
Since the salinity in the D. spicata salt marsh was variable between years (Laanbroek et al. 2018 ) and since salinity might play a role in nutrient dynamics during mangrove decomposition (Contreras et al. 2017) , we performed the experiment at different salinity levels of 20, 28 and 35 PSU, respectively. 20 and 35 PSU were the extremes of the salinities observed in the field (Laanbroek et al. 2018) . Sodium chloride was added to the soil microcosms to attain the desired salinity levels. Each treatment and salinity level were replicated five times resulting in 75 microcosms in total.
All soil samples were pre-incubated for 7 days at 25°C at 80% moisture content to allow microbial activity to stabilize before the experiment started. According to a previous study (Kraus et al. 2004 ), a concentration of 10 mg tannins g −1 dry soil can be considered as an ecologically realistic amount of tannins in R. mangle leaves. Therefore, the pre-incubated LP, CCT, PCT and TA microcosms with 5 g dry soils each received 373, 164, 50 and 50 mg of R. mangle leaf powder, crude condensed tannins, purified condensed tannins, and tannic acid, respectively, and the tannins-enriched soils were mixed thoroughly. The microcosms were then incubated for 42 days in a dark room at a temperature of 25°C and 80% moisture content. Bottles were loosely closed with screw-caps to prevent suboxic conditions and large fluctuations in moisture content. Soil moisture content was controlled weekly and when necessary corrected by adding water.
Quantification of CO 2 emission CO 2 emission measurements were carried out at Day 7, 21, 35 and 42 after the start of the experiment. Three out of five bottles of each treatment were randomly selected, and the screw-caps were closed for 24 h at the day of sampling. Gas samples were taken at 0 and 24 h with a syringe, transferred into a vacuumed and sealed glass tube of 25 mL and stored at 20 o C in a dark room before the determination of CO 2 .
CO 2 concentrations were measured on a GC-FID (Trace GC-Ultra, Thermo Scientific Inc., Waltham USA) equipped with a methanizer (Interscience Scientific, Breda, The Netherlands). 250 μL headspace sample was injected with a splitter (split ratio 4.2), and eluted with helium 5.0 at a flow of 5.0 mL min . Data was acquired with the Chromeleon 7.2 software package (Thermo Scientific Inc., Waltham, USA). Peak identification and quantification by one-point calibration was based on 1200 ppm CO 2 3.0 in synthetic air (Westfalen, Deventer, the Netherlands). The retention time of CO 2 was 0.99 min.
Determination of soil properties
After completing CO 2 gas collection at Day 42, soil samples were taken from the microcosms for further analysis. For the determination of soil physicochemical properties, the soil samples were extracted by shaking for 1 h with a 2 M KCl solution (soil: KCl solution = 2: 3, w/w), after which pH was measured. The solutions were filtered through filter paper and subsequently centrifuged at 5000 g for 15 min. , and in the amount of PO 4 3− measured at the start and at Day 42 of incubation were considered as nitrogen and phosphorus net mineralization in the soils.
Determination of total phenolics, total tannins and hydrolyzable tannins
Total phenolics, total tannins and hydrolyzable tannins in the soils were determined at the end of the incubation experiment. The total phenolics (TP) content in the soil was determined according to a previously published, but slightly modified method (Asami et al. 2003; Morita 1980; Northup et al. 1995) . After extraction of the soil with a sodium pyrophosphate solution, the TP content was determined in a colorimetric assay with FolinCiocalteu reagent at 760 nm. The results are presented in milligrams of tannic acid equivalents (TAE) per gram soil. The total tannins (TT) content was determined according to a previously published method (Adamczyk et al. 2008) . The results are also given in milligrams of tannic acid equivalents (TAE) per gram soil. The amounts of hydrolyzable tannins (HT) in soils were determined according to a previously published, but slightly modified method (Adamczyk et al. 2008; Hartzfeld et al. 2002) . Methyl gallate was used as standard and the results are given in milligrams of methyl gallate equivalents (MGE) per gram soil.
Statistical analysis
All statistical analyses were performed using the SPSS software package (version 22.0; SPSS Statistics Inc., Chicago, IL). Spearman Rank Order correlation analysis was performed between soil physicochemical properties, total phenolics (TP), total tannins (TT), hydrolyzable tannins (HT) and net N and P mineralization in samples collected at Day 42, and total CO 2 emission, which was estimated by assuming a CO 2 emission for week 1 and 2 of the incubation being equivalent to the rate measured at Day 7, plus a CO 2 emission for week 3 and 4 being equivalent to the rate measured at Day 21, plus a CO 2 emission for week 5 being equivalent to the rate measured at Day 35, plus a CO 2 emission for week 6 being equivalent to the rate measured at Day 42. After the Shapiro-Wilk test for normal distribution and the Levene's Test of Equality of Error Variances, two-way ANOVAs were used to assess significant effects of the treatments (including the control), and of the three salinities concentrations on pore water pH, total phenolics (TP), hydrolyzable tannins (HT), total tannins (TT) of soils, net N and P mineralization, CO 2 emission at Days 7, 21, 35, 42 and total CO 2 emission. Two-way ANOVAs were also used to assess significant effects of individual treatments on the total estimated CO 2 emission during the period of 42 days. Significant differences between treatments and salinities have been tested by application of Tukey's Post Hoc tests in General Linear Models. A simple effect test based on twoway ANOVA (Braver et al. 2005) was carried out to assess the impact of tannin sources and salinity on soil properties, CO 2 emission and net N and P mineralization. The level of statistical significance for all tests was set at P < 0.05.
Results
The impact of Rhizophora mangle-derived tannins and salinity on soil pH
Treatment and salinity had both a significant effect (P = 0.000 for both) on soil pH 42 days after the start of the experiment (Table 1, Supplementary Tables 1a, b , c). A two-way ANOVA showed that soil pH was also significantly affected by the interaction of treatment and salinity (P = 0.007, Supplementary Table 1a) . Among all treatments, the addition of leaf powder resulted in significantly (P < 0.05) higher pH values, followed by the other treatments in the order C > CCT = PCT > TA (Supplementary Table 1b ). Soil pH was significantly different between the three salinities with 35 PSU > 28 PSU > 20 PSU (Supplementary Table 1c) . A simple effect test based on two-way ANOVA showed that treatments significantly (P < 0.05) affected soil pH at each salinity level, but salinity had no effect on the pH within one treatment (not shown).
The impact of Rhizophora mangle-derived tannins and salinity on CO 2 emission rates Table 3b ).
Only on Days 21 and 42, CO 2 emission rates measured in the presence of crude condensed tannins and of tannic acid did not differ significantly from each other. On Day 21, the CO 2 emission rates in the PCT treatment and controls did also not differ significantly. With the exception of at Day 7, the CO 2 emission rates at 20 PSU were always significantly (P < 0.05) higher than at the other two salinities and the emission rates were not significantly different from each other at the two higher salinities (Supplementary Table 3c ). A simple effect test based on two-way ANOVA showed that on each measurement day treatment significantly (P < 0.05) affected the CO 2 emission rate at each salinity level, whereas salinity had no influence on the CO 2 emission rate within each treatment (not shown).
Time had a significant effect on the CO 2 emission rates (Fig. 1, Supplementary Table 4a) . In all treatments, except in the control, the CO 2 emission rates on Day 7 were significantly (P < 0.05) higher than on later measuring days (Fig. 1 , and Supplementary Table 4b ). The CO 2 emissions in the LP and CCT treatments continued to decrease after Day 7, although the decrease in the last week of the experiment was not significant anymore. The CO 2 emissions in the PCT treatment halted after Day 7 as no significant changes were observed after that day. The CO 2 emission in the TA treatment decreased The CO 2 emission rates in the control and in the LP treatments were significantly (P < 0.05) higher at a salinity of 20 PSU than at a salinity of 35 PSU (Supplementary Table 4c ), whereas the rates in the PCT treatment were significantly (P < 0.05) higher at a salinity of 20 than at salinities of 28 and 35 PSU. No significant effects of salinity were observed for the CCT and the TA treatments (Supplementary Table 4c ).
The impact of Rhizophora mangle-derived tannins on total CO 2 emission
The cumulative amount of emitted CO 2 estimated during the 42 days incubation period varied with treatment, salinity and time of measurement (Fig. 2 , Supplementary Table 1a ). For the CO 2 accumulation estimated for the whole incubation period, the CO 2 production with leaf powder added was significantly (P < 0.05) higher than other treatments, followed by CCT = TA > PCT > C (Fig. 2 and Supplementary Table 1b) , while the cumulative CO 2 emission at a salinity of 20 PSU was significantly (P < 0.05) higher than at salinities of 28 and 35 PSU (Supplementary Table 1c) . A simple effect test based on two-way ANOVA showed that treatment significantly (P < 0.05) affected the cumulative CO 2 emission at each salinity level, whereas salinity has still no significant influence on the cumulative CO 2 emission within each treatment (not shown).
The impact of Rhizophora mangle-derived tannins and salinity on nitrogen mineralization (Fig. 3) was significantly affected by treatment (P = 0.000) and salinity (P = 0.000) (Supplementary Table 1a ). Only the LP treatment had negative N MIN values. The treatment with leaf powder was the only one in which nitrogen immobilization occurred and net nitrogen mineralization was observed in the other treatments. The amounts of mineralized nitrogen increased significantly (P < 0.05) with CCT < TA < PCT < C (Fig. Table 1c 3 and Supplementary Table 1b) . N MIN in the soil with 20 PSU was significantly higher compared to soils incubated with 28 and 35 PSU (Supplementary Table 1c) . A simple effect test based on two-way ANOVA showed that treatments significantly (P < 0.05) affected N MIN at each salinity level, but salinity had no significant effect on N MIN within one treatment (not shown).
The impact of Rhizophora mangle-derived tannins and salinity on phosphorus mineralization
The PO 4 3− concentration (Table 1 ) and net P mineralization (P MIN ) (Fig. 4) on Day 42 varied with treatment and salinity. A two-way ANOVA showed that P MIN was significantly affected by treatment (P = 0.000, Supplementary Table 1b) and by the interaction between treatment and salinity (P = 0.000), but not by the salinity itself (P = 0.173). In contrast to the other treatments, the incubation with leaf powder, similar to N, resulted in phosphorus immobilization. The amounts of mineralized P increased significantly (P < 0.05) in the order TA = CCT < C < PCT> (Fig. 3 and Supplementary  Table 1b) . No significant differences in P MIN were observed between 20 PSU, 28 PSU and 35 PSU (Supplementary Table 1c) . As shown by a simple test based on two-way ANOVA, treatments significantly (P < 0.05) affected P MIN in the soils at each salinity level, but salinity did not affect P MIN within one treatment (not shown).
The impact of treatment and salinity on phenolics and tannins dynamics Total phenolics and total and hydrolyzable tannins on day 42 are shown in Table 1 . There were significant effects of treatment and salinity on total phenolics (2-way ANOVA; P = 0.000, Supplementary Table 9), total tannins (P = 0.000 for treatment, P = 0.006 for salinity) and hydrolyzable tannins (P = 0.000 for treatment). Salinity had no significant effect on hydrolyzable tannins (P = 0.084), whereas the interactive effect of treatment and salinity was significant for total phenolics, total tannins and hydrolyzable tannins (P = 0.018, P = 0.014 and P = 0.028, respectively).
The individual differences in total phenolics, total tannins and hydrolyzable tannins among treatments at Day 42 are listed in Supplementary Table 5b . Total phenolics differed significantly (P < 0.05) in the order Fig. 4 Average phosphorus mineralization during a period of 42 days determined in microcosms containing Distichlis spicata salt marsh soils enriched with different organic fractions derived from Rhizophora mangle leaves or with tannic acid (called treatments). The averages comprise all the data measured at salinities of 20, 28 and 35 PSU. Error bars represent standard errors (n = 5). Different characters indicate significant differences (p < 0.05) between the treatments. The effects of salinity are presented in Supplementary Table 1c C < TA < CCT = LP = PCT. The amounts of total phenolics increased significantly (P < 0.05) with salinity in the order of 35 PSU < 28 PSU < 20 PSU. Total tannins increased significantly (P < 0.05) in the different treatments in the order of C < LP < TA = CCT = PCT. While total tannins at 35 PSU were significantly (P < 0.05) higher than at 20 PSU, total tannins at 28 PSU was not significantly different from the other salinity levels. The amounts of hydrolyzable tannins increased significantly (P < 0.05) in the different treatments in the order of C = LP < CCT < PCT = TA. Salinity had no significant effect on the amounts of TA at the end of the incubation period. Simple effect tests based on ANOVA showed that treatments significantly (P < 0.05) affected the amounts of total phenolics, total tannins and hydrolyzable tannins in the soil samples at each salinity level, but salinity had no significant effect on the amounts of total phenolics, total tannins and hydrolyzable tannins in the soil samples of each treatment (not shown).
Interactions between C, N and P mineralization and soil characteristics
Spearman Rank Order correlations between soil properties, net N and P mineralization in soil samples at Day 42, and total CO 2 emission during the 42-day incubation period are shown in Supplementary Table 6 . As shown in Figs. 2, 3 and 4, the estimated C mineralization, or total CO 2 emitted during the incubation period was significantly and negatively (P = 0.000) correlated with N and P mineralization (Spearman's rho values −0.912 and − 0.815, respectively), while N and P mineralization were mutually significantly and positively correlated (P = 0.000, Spearman's rho value 0.795). Net N and P mineralization were significantly (P = 0.000) and positively correlated with NH 4 + , NO 3 − , PO 4 3− (Spearman's rho values between 0.721 and 1.000), while C mineralization was significantly (P = 0.000) and negatively correlated with these nutrients (Spearman's rho values −0.914, −0.830, and − 0.815, respectively). Total remaining phenolics was significantly (P = 0.002) and positively correlated with C mineralization (Spearman's rho value 0.447), and negatively with net N mineralization and NH 4 + and NO 3 − (P = 0.000, Spearman's rho values −0.484, −0.474, and − 0.339, respectively). Remaining total and hydrolyzable tannins, which were mutually significantly and positively correlated (P = 0.000, Spearman's rho value 0.613), were not significantly correlated with one of the other factors, except total remaining tannins with total remaining phenolics (P = 0.042, Spearman's rho value 0.304). Soil pH correlated significantly and positively with salinity, but negatively with NH 4 + , PO 4 3− , total tannins, hydrolyzable tannins, net N and P mineralization.
Potentially available C, N, and P for mineralization in the organic fractions from the leaves Knowing the carbon, nitrogen and phosphorus contents of the added organic fractions derived from R. mangle (see the Materials and Methods section) and knowing the amounts of organic fractions added to the salt marsh soils, the amounts of carbon, nitrogen and phosphorus that are potentially available for mineralization could be calculated (Table 2 ). In Table 2 we have defined four organic fractions, i.e. the soil organic matter (SOM), the organic fraction only present in leaf powder (LPF1), the fraction present in leaf powder and crude condensed tannins (LPF2) and the fraction present in leaf powder and in the crude and purified condensed tannins (LPF3). Assuming a conservative use of SOM, meaning no stimulation by the presence of organic compounds present in the other organic fractions (priming), then the amounts of SOM respired in the different treatments are the same as in the control (Table 3 ). In the same way, the conservative use of carbon in the different fractions can be calculated. Considering the treatment with added leaf powder, 17% of the CO 2 emission is then accounted for by the soil organic carbon, 52% by the LPF1 fraction (i.e. the organic compounds only present in the treatment with leaf powder), 25% by the LPF2 fraction (i.e. the organic compounds present in the treatments with leaf powder and crude condensed tannins) and 6% by LPF3 fraction (i.e. the organic compounds present in the treatments with leaf powder and crude and purified condensed tannins). The calculated carbon availabilities in the different organic fractions were 45, 25, 13 and 8% for SOM, LPF1, LPF2, and LPF3, respectively. Hence, the estimated use of carbon in relation to its availability was low with the SOM and the LPF2 fraction, high with the LPF1 fraction and approximately equal with the LPF3 fraction. The latter is surprising considering the presence of high molecular weight, condensed tannins in the LPF3 fraction. However, the LPF3 fraction contained also organic compounds of lower molecular weight as discussed above. In the treatment with tannic acid, 39% of the C respired in the treatment was calculated to originate from SOM and 61% from tannic acid, while the availability of carbon in these sources amounted to 85 and 15%, respectively.
Discussion
The responses of CO 2 emission and nitrogen and phosphorus mineralization rates to the addition of Rhizophora mangle-derived leaf powder and its condensed tannins to salt marsh soils showed that the intrusion of R. mangle into salt marshes may impact C, N and P dynamics through the addition of leaf litter alone. The results demonstrated that different fractions of organic matter derived from R. mangle leaf litter can have a significant effect on C, N and P mineralization. Purified condensed tannins stimulated C and P mineralization, but repressed N mineralization. Leaf powder produced from dried R. mangle leaves contained other organic compounds besides condensed tannins and it stimulated C mineralization, but repressed N and P mineralization. The difference in behavior of leaf powder and purified condensed tannins especially in relation to net N mineralization must be due to differences in the quantities of carbon added and the quality of the applied material, i.e. organic leaf components other than condensed tannins.
Carbon mineralization
The increased CO 2 emission rates observed in all treatments showed that with one exception, i.e. the PCT treatment at day 21, CO 2 respiration was stimulated by the experimental additions. The CO 2 emission rates were in the order C < PCT < TA < CCT < LP, although the differences in total CO 2 emitted over the period of 42 days were not significant between the TA and CCT treatments. The increasing amounts of CO 2 emitted from purified condensed tannins via crude condensed tannins to leaf powder can largely be explained by the increasing amounts of C present in the distinct additions in the microcosms. CO 2 production during a relatively short period of 42 days as applied in our incubation experiment, may have been mainly due to oxidation of leaf compounds such as sugars, but also other labile compounds like organic acids, proteins and phenols may have contributed to the gas production (Davis et al. 2003; Valiela et al. 1985) .
The structure of condensed tannins isolated from R. mangle by Zhang and colleagues, who did also the isolation of condensed tannins for our study, showed large heterogeneities in the degree of polymerization, the pattern of hydroxylation, and the substitution with monosaccharides . Condensed tannin oligomers mixtures consisted of procyanidin and prodelphinidin structural units with the former dominating. The purification method used by Zhang and colleagues was similar to the methods used by others for the isolation of condensed tannins from leaves of Balsam poplar (Fierer et al. 2001) and from needles of Scots pine and Norway spruce (Kanerva et al. 2006) . While the application of methods used for other plants may not be fully applicable to R. mangle, we believe that they are appropriate because the fraction of crude condensed tannins from R. mangle resembles the F1 fraction in the other mentioned publications. This fraction F1 contained only a low percentage of condensed tannins composed of mono-and dimers and relatively large amounts of low molecular weight phenols, flavonoid monomers, sesqui-and diterpenes, and resin acids (Kanerva et al. 2006 ). The fraction of purified condensed tannins from R. mangle corresponds then with the combined F2, F3, F4 fractions of the formerly mentioned studies with Balsam poplar, Scots pine and Norway spruce. The combined F2, F3, F4 fractions consisted of condensed tannins compose of tetra-and hexamers and higher tannin polymers, with lower amounts of mono-and trimers tannins and other compounds of low molecular weight (Fierer et al. 2001; Kanerva et al. 2006) . Since the CO 2 production from the treatment with crude condensed tannins was significantly higher than the CO 2 production from the treatment with purified condensed tannins, it seems likely that this difference in CO 2 production was due to the respiration of low weight compounds being more present in the crude condensed fraction. This is consistent with other studies that have shown that light fractions of tannins strongly enhanced respiration (Fierer et al. 2001; Gamble et al. 1996; Grant 1976; Kanerva et al. 2006; Schimel et al. 1996) . CO 2 emission from purified condensed tannins was significantly lower than that from tannic acid, as was observed before (Kraus et al. 2004; Nierop et al. 2006b ) and was also significantly lower than from crude condensed tannins and leaf powder. However, CO 2 emission from purified condensed tannins was significantly higher than the control on all sampling days, except on Day 21. The enhanced CO 2 respiration by CT addition compared to the control at the first days has been observed before with condensed tannins extracted from Balsam poplar (Fierer et al. 2001) , Scots pine and Norway spruce (Kanerva et al. 2006) and Corsican pine litter (Nierop et al. 2006b ). The same early peak in CO 2 emission was noticed in Rhododendron and Huckleberry, which contain a high percentage of PC monomers (Kraus et al. 2004) . In contrast, the carbon respiration rates of CT from Manzanita, Salal and Bishop pine that contain a low percentage of PC monomers were increased not only during the first days but also significantly at the later decomposition stages (Kraus et al. 2004) . Hence, the fact that C mineralization varied in our experiment with time, may be due to the composition and structure of condensed tannins extracted from senescing R. mangle leaves. PC monomers, comprising more than 80% of the condensed tannins and consisting of highly polymerized molecules of high molecular weight are more resistant to degrade over time than the smaller, more labile fraction of PD monomers with their higher degree of hydroxylation (Hernes et al. 2001; Zhang et al. 2010) . The degree of hydroxylation of PD-extender units enriched in 2,3-trans monomers and of PC-extender units enrich in 2,3-cis monomers was considered more important for stability than stereochemistry (Hernes et al. 2001) . In short-term experiments, high molecular weight PC tannins were not respired by soil microbes, while low molecular weight polyphenols such as methyl gallate, catechin and hydrolyzable tannins were rapidly respired, with the smaller and less highly cross-linked gallotannins degrading more rapidly (Talbot and Finzi 2008) . Therefore, we suggest that the CO 2 emitted at the early phase of our experiment was mainly at the expense of some of the PD monomers with three-hydroxyl groups on the B-ring of the condensed tannins, and at a later stage at the expense of PC monomers with only one or two hydroxyl groups on the B-ring. Additionally, respiration might have been inhibited by complexation of proteinaceous substrates with tannins that will reduce exoenzyme activity (Schimel et al. 1996) . The proportion of proteinprecipitating phenolics increases with increasing degree of polymerization of the tannin fractions from Robinia pseudoacacia leaves (Kumar and Horigome 1986) , and the ability to precipitate is higher with high molecular than with low molecular weight tannins (Kraus et al. 2003) . Therefore, the composition and the structure of condensed tannins will play an important role in respiration in soils. In addition, tannins do not only bind to proteins, but also to other organic nitrogen compounds (Adamczyk et al. 2011; Halvorson et al. 2011) .
Low molecular weight organic molecules, which are likely more present in the leaf powder and the crude condensed tannins fraction, may stimulate the degradation of more recalcitrant carbon compounds present in the different organic additions and in the SOM by a process called priming. However, in a study on the effect of glucose on the degradation of peat from Avicennia marina and Rhizophora mucronata, the presence of a priming effect could not be confirmed (Keuskamp et al. 2013 ) and the same was true for the effect of glucose on peat from R. mangle (Keuskamp et al. 2015) . Although these results were based on peat from mangrove species, a priming effect of low molecular weight organic molecules on the degradation of more recalcitrant carbon compounds present in mangrove leaf litter and even in salt marsh soils might also be of minor importance.
Nitrogen mineralization
At the start of the incubation experiment the mineral N concentrations in the salt marsh soil were 145.05 mg − concentrations increased in all treatments except in the treatment with leaf powder. NO 3 − was not detected in the LP treatment and in a few samples of the CCT treatment. N 2 O emission was not detected during the incubation period (data no shown). The loss of mineral N in the treatment with leaf powder was likely due to immobilization of nitrogen at the expense of the excess carbon added to the soil as was observed in previous studies (Nierop et al. 2006a; Rivera-Monroy and Twilley 1996) . The decrease in net N mineralization observed between the treatments (C > PCT > TA > CCT) was likely due to the increasing availability of carbon in this series (Nierop et al. 2006a) or to an increased inhibition of mineralization of organic N through complexation by some organic compounds added (Schimel et al. 1992) . Hence, added carbon compounds may either stimulate or inhibit N mineralization. Whereas the smaller compounds may more readily be used as C source, the larger compounds might become more firmly attached to organic N compounds, thereby retarding N mineralization (Fierer et al. 2001) . More low molecular weight compounds were provided in the soil with LP, CCT and TA treatment than in the PCT treatment that likely contained a high percentage of PC polymers. Based on the total amount of carbon added, the treatment with PCT containing more complex organic compounds, stimulated CO 2 production and net N mineralization to a limited extend, suggesting that the purified condensed tannins bound to N-containing substrates thereby reducing the N availability to microbial cell by toxic or protein-precipitating effects. It has been suggested that condensed tannins with a high percentage of PD like tannins from R. mangle monomers bind more strongly to proteins and other organic matter, thereby reducing N mineralization more than condensed tannins with PC monomers. As shown for carbon, the nitrogen content of the different organic fractions that had been applied to the salt marsh soil in the different treatments were calculated (Table 2) . When assuming again a conservative use of organic nitrogen in the different treatments, meaning that the same amount of nitrogen was mineralized from a distinct organic fraction present in a treatment, the amounts of N utilization can be calculated for each treatment (Table 3) . By the high level of net N mineralization measured in the control, all other calculated N utilizations in the different organic fractions were negative, meaning immobilization of the mineralized N into microbial cells. In three out of five fractions (i.e. in LPF1, LPF2 and TA) the pool of nitrogen is lower than the amount of nitrogen immobilized. Hence, SOM had to be the source of nitrogen for the immobilization processes in these fractions. In the treatment with leaf powder, the size of N immobilization in relation to net N mineralization is that large that overall a net immobilization is observed, while in the other treatments net N mineralization predominated.
Phosphorus mineralization
Similar to net N mineralization, net P mineralization was affected by treatments showing immobilization of P in the leaf powder treatment, and variable net mineralization in the other treatments. However, with an increasing amount of net P mineralization in the order of TA = CCT < C < PCT, net P mineralization differed from net N mineralization with respect to the differential effects observed in the PCT and C treatments. Whereas net N mineralization showed a significant decrease in the PCT treatment compared to the control, net P mineralization was significantly increased in the presence of purified condensed tannins. This may have been due to polyphenol binding to sesquioxides, which can prevent phosphate sorption. Phenolic acids have even been shown to desorb from mineral sites and bound phosphate (Davis 1982) . The ortho-phenolic groups of tannins are strong competitors for surface sites of Al and Fe oxides, where they may replace bound P. As discussed above, a high percentage of PC monomers in condensed tannins will bind to soil organic compounds and consequently lower the carbon availability to soil microorganisms, thereby decreasing their growth capacity and hence their P requirement (Nierop et al. 2006a; Nierop et al. 2006b ) by the formation of organic complexes (Schnitzer et al. 1984; Zech et al. 1997) . Selection of Eucalyptus trees with a high content of phenolics in their leaves has been suggested for improvement of P availability in Spodosols (Hingston 1963) .
As done for carbon and nitrogen, the amounts of phosphorus present in the different organic fractions were calculated (Table 2) as well as the sizes of phosphorus mineralization (Table 3) . Net P mineralization is observed in the SOM and in the LPF3 fraction, whereas P immobilization is shown in the LPF1, LPF2 and TA fractions. In the treatment with leaf powder, the P immobilization processes in the LPF1 and LPF2 organic fractions exceeded the net P mineralization processes in the SOM and in the LPF3 fraction leading to an overall P immobilization.
Effect of salinity on N and P mineralization and CO 2 emission Salinity is likely one of the important factors to affect nutrient dynamics during decomposition of mangrove litter (Dittmar et al. 2006 ). Compared to the 28 and 35 PSU salinities, total C and N mineralization was higher at 20 PSU (Supplementary Table 1c ). The positive effect of low salinity on C mineralization was most pronounced at the later stages of decomposition (Supplementary Table 3c ) as well as in the PCT treatment (Supplementary Table 4c ). In contrast, low salinity decreased C mineralization in the control treatment. Salinity had no impact on P dynamics. Salinity had a significant and positive influence on pH, however it had a negative effect on total phenolics (Supplementary Table 6 ). This latter might be due to the fact that most of the tannins may have been eliminated from dissolved fractions by absorption to soil particles at all salinity levels applied. This may occur when the salinity levels are higher than 15‰ (Maie et al. 2008) . Adsorption of tannins is conditioned at the same time by pH (Maie et al. 2008 ) and other soil characteristics, such as the properties of organic matter (Kaiser 2003) , the presence of sesquioxides (Kaal et al. 2005; Varadachari et al. 1994) , the particle size, and the surface area (Kiem and Kogel-Knabner 2002) .
Comparison to the field trial
The results obtained in the microcosm experiment clearly showed that of C, N and P dynamics varied with the different fractions of organic matter derived from senescing R. mangle leaves. The results from adding R. mangle leaf powder to the soil, which mimics best leaf litter fall, suggests that there will be ecosystem effects resulting from R. mangle intrusion into salt marshes. Carbon mineralization will increase, but nitrogen and phosphorus will be immobilized. The results related to nitrogen confirms the absence of effects of added R. mangle leaf litter on the nitrogen-related processes of nitrification and denitrification and on the genes coding for microbial processes in the nitrogen cycle as observed in an earlier field experiment (Laanbroek et al. 2018) . In this earlier field study, we observed a stimulation of the growth of R. mangle seedlings in the presence of added R. mangle leaf litter, which seems contradictory to the enhanced nitrogen and phosphorus immobilization observed in the present experiment. However, two things should be kept in mind. First, the difference in timescale between the field experiment and the laboratory experiment (i.e. 4 years and 6 weeks, respectively) and the absence of active plant roots in the laboratory experiment that may interfere with microbial immobilization processes.
Overall, we observed a significant increase in carbon and nitrogen mineralization at a salinity of 20 PSU compared to salinities of 28 and 35 PSU. For phosphorus mineralization we did not see a significant effect of salinity on the mineralization of these elements. In the previous field study by us (Laanbroek et al. 2018) , we found that a significant annual difference in soil salinity with average PSU values of 20 and 35 PSU for the years 2015 and 2012, respectively. The difference in salinity between these years was explained by a difference in rain fall in the months preceding the sampling of the soils. With the two microbial processes measured in the field study, nitrification was significantly higher at the lower salinity level as observed during the measurements of C and N mineralization in the present microcosm experiment. We conclude that at least some microbial processes seem to be stimulated by lower salinities. The fact that salinity did not affect the denitrification in the field experiment shows that the interaction between microbial conversion rates and salinity involves more soil variables such as the availabilities of oxygen and nitrate in the case of denitrification.
Finally, it is important to mention that the composition of the tannins in the leaves of R. mangle changes with the age of the leaves with the smallest tannin polymers disappearing leaving the largest polymers in the most senescent leaves (Kandil et al. 2004 ). In contrast, total and extractable condensed tannins seem to increase with senescence of the leaves in Rhizophora stylosa . Hence, it is important to collect the senescing leaves from the trees just before they fall as done by us since these leaves will affect the geochemical cycles in the salt marsh soil.
